Many infectious diseases that affect global health are most accurately diagnosed through nucleic acid amplification and detection. However, existing nucleic acid amplification tests are too expensive and complex for most low-resource settings. The small numbers of centralized laboratories that exist in developing countries tend to be in urban areas and primarily cater to the affluent. In contrast, rural area health care facilities commonly have only basic equipment and health workers have limited training and little ability to maintain equipment and handle reagents.
INTRODUCTION

The ASSURED criteria
One of the challenges to infectious disease diagnosis in low-resource settings (LRS) is that many infections occur far away from centralized laboratories where diagnostic tests are routine. Unfortunately, few diagnostic tests can be performed in LRS. In response to the need for improved diagnostic tests for the developing world, the World Health Organization (WHO) Sexually Transmitted Diseases Diagnostics Initiative (SDI) has identified appropriate diagnostic test attributes to address disease control needs for LRS. These attributes, refered to as the "ASSURED" criteria can be summarized as: sensitive, specific, user-friendly, rapid and robust, equipment-free and deliverable to end-users.
2 (see Figure 1 ) 
Strip tests: a prototypical ASSURED solution
For the past decade, immunochromatographic strip (ICS) tests have been one of the few diagnostic technologies to approach the ASSURED criteria and achieve successful uptake in the developing world. ICS tests provide point-of-care (POC) diagnosis in areas without access to well-equipped and well-staffed clinical laboratories. Because they rely on inexpensive, off-the-shelf components and reagents, they are affordable, in many cases costing less than US$2 to the end user. They can be formatted for detection of antigens or antibodies and are usable with a wide range of specimens, making them adaptable to a wide range of applications. 3, 4 ICS strips require relatively little and sometimes no sample processing, and they do not require an external instrument. Figure 2 depicts the key features of an ICS. 5 ICS are stable for many months at ambient temperatures-a critical feature for settings in which the electrical supply is inconsistent and temperature control is difficult. Because of their low cost, small size and stability, strip tests may also be used by epidemiological surveillance teams in the field to gather baseline data or to assess the effect of public health interventions. Despite these positive attributes, ICS also frequently suffer from limited sensitivity and specificity. While some commercialized lateral flow assays can achieve sensitivities and specificities in the range of 90% or higher, others have sensitivity lower than 70%. Additionally, antigen polymorphisms can result in varying performance in different settings. 6, 7, 8 The persistence of some antigens beyond clearance of infection can decrease test specificity, while other antigens with shorter life times in the blood have lower sensitivities. 6, 7, 9 While ICS performance values represent an improvement over syndromic diagnosis, tests with high performance (characterized by higher sensitivity, higher specificity and lower limits of detection) are needed. 
Design opportunity
Nucleic acid amplification tests (NAATs) are more sensitive and specific than their immunoassay counterparts and have much lower limits of detection. Nonetheless, in mapping currently available NAATs and ICS tests against the high accuracy and low infrastructure demands of LRS, Figure 3 demonstrates there is still an unmet need where existing NAAT technologies fail to meet the demands of decentralized POC settings. This gap represents a design opportunity. A NAAT platform that obviates the need for an instrument entirely would greatly enhance LRS POC testing capabilities in decentralized areas while providing the sensitivity, specificity, and limit of detection required for accurate diagnosis. Developing such a test that has minimal complexity comparable to ICS, requires careful consideration of each process involved.
Currently available polymerase chain reaction (PCR)-based NAATs are not amenable to most LRS because they require complex, electrically-powered equipment for thermal-cycling of the sample/reagent mixture. Additionally, operation of PCR equipment requires highly trained staff to prepare reactions and interpret results. Recently, there have been significant developments in a class of NAATs that do not involve temperature cycling. 11, 12, 13, 14 Several isothermal methods have demonstrated a high yield of DNA and robust function over a range of temperatures. Some have high sensitivity on par with PCR but are much less susceptible to inhibitors than PCR. 15 In some cases, the sample preparation steps required for PCR can be eliminated. 16 In general these isothermal methods are less comlex than PCR. Amplification occurs at a constant temperature, reagents and workflow are relatively simple, and direct visual detection is possible. While many isothermal assays for LRS applications are under development, 16, 17, 18, 19 these tests have not yet made an impact on diagnostics designed for LRS. There are several reasons for this. First, isothermal NAATs still rely on electrical heat input. Second, the specificity of common isothermal amplification and detection schemes has been variable. 16, 20, 21, 22, 23 Finally, most isothermal amplification schemes require high heat treatment of the raw specimen and are reliant upon solid phase purification with either a centrifuge or vacuum manifold. 24 To date, these factors have all limited the penetration of isothermal amplification technologies into LRS. The design opportunity for a LRS-appropriate NAAT can be described simply: as accurate as PCR-and as fast, easy to use, and inexpensive as ICS diagnostics. 
Modular approach
The modular approach to developing an instrument-free NAAT is built upon the simplicity of isothermal NAAT methods. Individual component design improvements can be integrated to achieve a non-instrumented solution. PATH and collaborators are advancing modular non-instrument nucleic acid amplification (NINA) technologies that leverage the benefits of isothermal amplification chemistries for POC testing. These benefits include reduced sensitivity to sample contaminants and simple thermal profile requirements. Thus samples can be minimally processed without the need for a centrifuge or vacuum manifold as the sample preparation module is simplified using buffer chemistries, detergents, FTA cards, or other low-infrastructure compatible methods. Furthermore, the complex, closed loop, thermo-cycling electric module common to PCR heating can be replaced by an isothermal chemical heating module using compact exothermic cartridges instead of electricity. Finally, we are advancing non-instrumented detection module technologies by exploiting nucleic acid laminar flow (NALF), that benefits from the easy-to-read, non-ambiguous ICS detection and by investigating dyes such as hydroxy naphthol blue (HNB) that provide naked-eye colorimetric detection.
In general, the steps for performing any NAAT include: specimen collection and metering, sample processing (removal of inhibitory compounds and analyte enrichment), incubation; signal amplification, and signal detection. Careful selection of instrument-free modules that perform each of these steps is a requirement toward the development and commercialization of an instrument-free NAAT platform. For all these steps, there are a relatively small number of instrument-free components to choose from. To date, a product that successfully combines all necessary processes in an instrument free manner has not been demonstrated. In this paper, we highlight several promising technologies that may be combined as modules of the first completely non-instrumented NAAT platform that performs sample collection and processing, amplification, and detection.
INTRUMENT-FREE NUCLEIC ACID AMPLIFICATION MODULES
Sample collection and transfer module
Sample collection and transfer often relies upon the use of standard pipette techniques. There are several inexpensive, disposable alternatives for metering sample and reagent volumes. First, is the Microsafe collection and dispensing tube by Safe-Tec Clinical Products Inc, Ivyland, PA, which is commercially available in 5 μL to 100 μL volumes. These are designed to collect and dispense blood samples at a preset volume using capillary action and a volume controlling air vent. 25 Second is the Exact Volume Pipette manufactured by Poly-Pipets, Inc. 26 These single-dose disposable pipets are available in a range of sizes from 20 μL to 250 μL. They are designed to dispense the exact volume held in the stem. Any excess fluid from the draw remains in the bottom bulb. In addition, PATH has developed a single-use, calibrated blood collection and transfer device. This device depicted in Figure 4 is designed to collect 100 μL of blood from a fingerstick and transfer diluted blood to a microfluidic diagnostic disposable. 
Sample preparation module
For POC testing, ideally results should be obtained and reported to the individual at the initial visit. However, timeconsuming sample preparation techniques are considered the rate-limiting step for NAATs. 27 Electricity-dependent sample preparation is also a barrier to effective use of most NAATs in LRS where electricity may not be reliable. Several techniques have emerged that can enable instrument-free sample preparation. These including the use of proviral DNA capture cards (PDCCs), FTA cards, and simplified purification techniques. Additionally, several isothermal methods, such as loop mediated isothermal amplification (LAMP) are unique in their ability to amplify directly from clinical specimens, 18, 19, 28, 29, 30 exhibiting less sensitivity to inhibitory compounds than PCR. 
PDCC for infant human immunodeficiency virus (HIV) testing
HIV disease progresses rapidly in undiagnosed infants with over 50 percent mortality rate in the first two years of life. Therefore, determining HIV status and initiating treatment in the first months of life could lower the mortality rate. However, infant HIV diagnosis by standard immunoassay methods is complicated by the persistence of maternal antibodies in infants for 12 to 18 months after birth. Commercially available infant HIV tests nucleic acid amplification tests are complex, expensive, and typically operated from central laboratories. Many countries are now utilizing dried blood spots (DBS) to facilitate collection and transport of specimens from remote areas to central laboratories. 32, 33, 34 Yet, the handling of DBS in the laboratory is cumbersome and labor-intensive or expensive if large automated systems are purchased to perform testing. The overall time taken to ship, test and report back the specimens test results plays a very important role in preventing loss to follow up of HIV-1 infected children; longer turn-around times increase the chance that infected infant swill not receive treatment. 35, 36, 37 Thus, there is an urgent need to develop better tools for HIV testing in infants at or closer to the POC.
To address this need for improved diagnosis of HIV in infants, PATH is developing the PDCC, a product which may simplify sample collection and reduce the labor required by laboratory personnel to perform the HIV test algorithm. The principle of the PDCC is to capture the peripheral blood mononuclear cells (PBMC) population (including HIV-1 infected T lymphocytes containing HIV-1 proviral DNA) from a drop of whole blood on a porous membrane while the red blood cells are washed away via a simple wash step as shown in Figure 5 . The membrane is then dried to stabilize the genetic material during shipping. At the test laboratory, technicians use forceps to peel away the membrane where the PMMC's are captured and place it directly in the PCR reaction. No further processing of the PDCC is required prior to the PCR amplification step. The only equipment required to set up reactions are sterile forceps. The PDCC may be deployed as a stand-alone product to support existing, centralized laboratory testing systems. Additionally, the PDCC could be deployed in concert with POC DNA amplification and detection technologies to facilitate LRS infant HIV testing. Development of the PDCC is currently on-going. 38 Preliminary data suggests that the PDCC technology has similar performance to DBS but at with potentially lower cost and with reduced complexity. The PDCC maintains the fundamental value provided by DBS (ease of collection, inactivation of the viral particles and stability of genetic material during transport from remote settings) while reducing the costs and turnaround time of performing the test in the laboratory. A similar technology, filtration isolation of nucleic acids, (FINA) has already been developed, and demonstrates this approach to be feasible. 
FTA cards
"Fast Technology for Analysis," a technology better known by its acronym moniker, FTA card, and also sometimes referenced as "Flinders Technology Associates" was originally developed by Dr. Leigh Burgoyne as a convenient medium that would preserve nucleic acids and facilitate fast analysis of multiple samples using a robot. The FTA (available as the FTA ® membrane; Whatman, United Kingdom) card is a chemically-treated filter paper that can lyse cells, denature proteins, and protect nucleic acids from nucleases, oxidative, and ultra violet (UV) damage allowing the rapid isolation and partial purification of nucleic acids. When samples are applied to the FTA card, cell lysis occurs and nucleic acids are immobilized within the matrix. The nucleic acids captured by the membrane are used directly as templates for amplification without elution, thus simplifying the assay flow. When using whole blood, the washing of FTA membranes enables the removal of heme and other potent inhibitors that can dramatically improve the sensitivity of test reactions.
The use of the FTA card requires minimal training but involves several processing steps. The specimen is blotted and then dried onto the FTA paper. The blood spots can then be stored at room temperature until DNA extraction. The blood spot is cut out with a punch and washed three times with FTA purification reagent (Whatman, United Kingdom). The washed piece of FTA card can be directly added to an amplification reaction. 21, 40 Therefore, FTA cards can provide a relatively fast, easy, and instrument-free method to prepare DNA from whole blood specimens for PCR and isothermal amplification. 21 Furthermore, FTA cards have been assessed for their DNA extraction potential. Despite lower analytical sensitivity than the gold standard Qiagen extraction kit, FTA cards may also be considered as a potentially valuable alternative viral extraction technique when more traditional techniques are not possible due to the demands of the POC testing. 41 To date, the only isothermal method that has been demonstrated with FTA preparation is loop mediated isothermal amplification (LAMP).
21,42
Simplified extraction techniques
PATH and other groups such as Catherine Klapperich's group at Boston University are developing technologies that enable nucleic acid purification at the POC and remove the requirement for cold chain preservation that is the current HIV-1 viral load testing paradigm. 4344 Such technologies would address the bottleneck of RNA purification from clinical specimens and stabilization of viral RNA in peripheral laboratories. 45 The goal of this work is to compliment emerging low-cost, low-complexity NAATs and remove the stringent requirement of cold chain in centralized viral load testing systems.
Purification-free chemistries
Several researchers have been successful in minimizing sample preparation through novel assay chemistries. Recent studies from the CDC 16 have demonstrated a LAMP assay formulation where all of the components required for amplification and detection of HIV-1 in whole blood can be added to the reaction tube simultaneously, with the exception of the fluorescence quenching reagent. Using a combination of lysis buffer added directly to the reverse transcriptase-LAMP (RT-LAMP) reaction tube, researchers demonstrated a simplified, purification-free and thermallysis-free workflow. The RT-LAMP procedure enables the direct detection of HIV-1 nucleic acids from plasma, serum and whole blood samples, eliminating the need for an additional purification step and reducing the overall procedure time to approximately 90 minutes. 16, 18 DNA amplification has also been performed successfully using urine and plasma without any processing steps. Even though unprocessed, freshly-voided urine is considered to contain PCR inhibitors, Bista et al. achieved successful amplification results with BK virus LAMP assays. Some loss of sensitivity was noted with the use of unprocessed samples, however, with further optimization, the purification-free assay may be relevant in clinical situations. 
Isothermal strategies anchor the amplification module
There are a number of methods for detecting clinically-relevant nucleic acids that do not involve cycling the sample temperature as is necessary for PCR. The obvious advantage of these methods over PCR is that they are isothermal and therefore may be more amenable to non-instrumented POC diagnostics. The various isothermal approaches have been recently reviewed ( Table 1) . Several of the methods discussed below are currently being used in US Food and Drug Administration (USFDA)-cleared or USFDA-approved diagnostic tests. Other methods are at earlier stages of development, but are promising nevertheless. Most of these methods use DNA polymerases and/or reverse transcriptases to amplify nucleic acids which are then detected directly. Nucleic acid sequence-based amplification (NASBA), transcription-mediated amplification (TMA), LAMP, and helicase dependent amplification (HDA) are used in a number of commercially-available tests. These proven technologies may be good candidates for a non-instrumented POC device. NASBA and TMA generally require a short (2 to10 minute) melting step at high temperature (65˚C to 95˚C) followed by a longer (30 to 90 minute) incubation at their extension temperature (40˚C to 65˚C). HDA avoids the initial melting step by using heat stable helicase to unwind the double stranded DNA. 48 , 49 This allows the reaction to be performed without an initial melting step but incurs a reduction in sensitivity of approximately one log as compared to the same test conducted with an initial melting step. Another particularly promising, but less-proven, technology is LAMP. While LAMP has also been demonstrated without the high temperature incubation, 50 it appears to be less susceptible to inhibitors and has been demonstrated with FTA card preparation.
Instrument-free heat
Adoption of isothermal amplification strategies enable replacement of the complex, closed loop, thermo-cycling, electric module common to PCR heating with a simple, disposable chemical heating module that uses compact exothermic cartridges instead of electricity. PATH has been leading development of technologies that facilitate electricity-free, instrument-free amplification heating.
The development of the prototype NINA heating devices represents the first example of using an exothermic chemical reaction and engineered phase change material (EPCM) in a NAAT. In the NINA heater for LAMP, we used the exothermic reaction of calcium oxide (CaO, or quicklime) and water to generate the necessary heat:
CaO + H2O ↔ Ca(OH)2 + 63.7kJ/mol of CaO
To keep the isothermal device within the temperature band required for LAMP, the reaction chambers were surrounded with an engineered fat-based compound with a high specific heat capacity and specific melting range centered around 65ºC. While several prototype heater designs have been explored, the optimized heater uses an off-the-shelf insulated food storage container to provide an insulated housing with two chambers. The bottom chamber contains the exothermic reaction, and the upper chamber contains the EPCM and reaction wells. To facilitate directed heat transfer to the reaction wells, an aluminum honeycomb material is added to the upper chamber prior to introduction of the EPCM. The machined reaction wells, sized to closely fit a standard 200 µL PCR tube, are embedded in the EPCM. Three reaction wells are used for most prototypes (one for a positive control, one for a negative control, and one for an unknown specimen). The existing prototype however, can easily be modified to accept up to 16 tubes without loss of performance. An inexpensive spring timer with an audible "ready" indicator was affixed to the lid of the heater unit for added electricity-free functionality. PATH has demonstrated the use of this configuration to stabilize a heat mixture within a narrow temperature range (65°C ± 0.5°C) suitable for LAMP. 51, 52, 53, 54 NINA heater prototypes were used to demonstrate proof of principle, amplifying genomic malaria DNA. Figure 7a , 7b, 7c. The NINA test bed. LAMP assays were performed for a dilution series of P. falciparum genomic DNA with amplification performed in both the NINA heater and a reference instrument (ESE-Quant Tube Scanner, set at 63°C) for the same amount of time. Fluorescence intensity of the Calcein dye was then read on the SpectraMax M2 plate reader with λ ex =485 nm and λ em =515 nm. 7a. Linear regression analysis of the method comparison. The error bars represent ±2s using the best unbiased estimate for replicate noise available from the data set. 7b. Bland-Altman analysis of the same data. 7c. An exploded CAD drawing of the prototype device used to generate the results.
Non-instrument detection strategies
A number of sensitive detection methods have been employed with the amplification methods described above. Many of these real time detection schemes include measurement of reaction fluorescence via intercalating dyes or cleavage/hybridization of fluorescent probes. These require relatively complex optical instrumentation. There are however, a few non-instrumented endpoint detection options that provide simpler outputs for qualitative interpretation. These instrument-free options such as a combined turbidity and fluorescence shown in Figure 8a , naked eye-detectable dyes shown in Figure 8b and nucleic acid lateral flow (NALF) shown in Figure 8c may be valuable to an integrated POC NAAT for LRS.
Turbidity via the precipitation of manganese pyrophosphate precipitation has been demonstrated for visual endpoint detection of LAMP reactions 55 although our experience indicates that endpoint detection with turbidity alone is user-subjective. Through inclusion of a dye, such as calcein, turbidity can be enhanced via fluorescence allowing simple and accurate naked-eye determinations of reaction results. 17 The addition of a small keychain LED excitation source further improves endpoint recognition. Precipitates of different colors can be obtained through the addition of cationic polymers in conjunction with fluorescently labeled primers and probes. 56 Colorimetric detection can be achieved through the addition of hydroxyl napthol blue (HNB). 57, 58, 59 NALF offers another endpoint detection option for instrument-free NAATs. 60, 61, 62, 63 The advantage of NALF over most molecular diagnostic readouts is that results can be visually interpreted by untrained operators with no additional instrumentation. Unlike antigen/antibody ICS tests, the release of amplification products into the test environment can cause extensive contamination problem. To mitigate this Ustar (China) have developed an enclosed NALF detection cassette for the interrogation of amplification results with cross-priming amplification (CPA) and in addition HDA and LAMP have been demonstrated with this same technology.
2 NALF tests have yet to have significant impact at the POC due to the relatively few commercial options for and high cost of containment solutions. The BESt Cassette which detects labeled amplicons via antibody-dependent NALF, is designed with detection-integrated containment to minimize the risk of carryover contamination. 64 NALF is amenable to low-level multiplexing and semi-quantitative readout, and has been coupled with PCR, 65, 66 NASBA, 67 HDA, 68, 69 recombinasepolymerase amplification (RPA), 70 LAMP, 63 and CPA. 
Cold chain considerations
Many NAAT diagnostics require a reliable cold chain for reagent storage-another barrier to adoption in LRS. The gold standard for NAAT reagent shipping and storage is still considered to be -20°C. Thus, many diagnostic test manufacturers are developing dried-down formulations of their assays to improve stability. There are several technologies available for stabilizing reagents and eliminating the need for reagent cold storage and transportation, potentially saving on large capital investments and enabling access in LRS. These include lyophilization 17 and glassification. 74 For easy adoption of NAATs in the developing world, assay components must be stable when stored for extended periods outside the cold chain at extreme ambient conditions such as those encountered in sub-Saharan Africa. A poorly functioning cold chain may result in autolysis and sample damage. 75 Through development of an innovative NAAT platform that eliminates the need for cold chain, assay kits can be shipped at ambient temperatures and used at the POC with far less expense and infrastructure investment.
There are many infectious diseases that are endemic in LRS where the lack of simple, instrument-free, NAATs is a critical barrier to timely diagnosis and treatment. These diseases include malaria, HIV, tuberculosis, influenza, and others. 1 Millions of lives and disability adjusted life years are lost through inadequate treatment and diagnosis of these diseases. 1 In many cases the need for rapid diagnostics appropriate for these LRS is so severe that mediocre performance tests are preferred to less accessible better performing tests. 76 The logistics of operating and maintaining complex instrumentation, sample collection, preparation, and testing prevent the timely reporting of test results back to individuals at the POC, thus preventing or delaying follow-up treatment.
Extension of a non-instrumented NAAT platform to multiple infectious diseases in LRS may represent a clinical advance for POC diagnostics similar to the advent of the first rapid immunodiagnostic strip assays a generation ago. Other potential applications of this instrument-free nucleic acid amplification platform may include rapid field identification of bioterror or biowarfare agents in emergency scenarios, outbreak management following natural disasters, forwarddeployed military medical kits, rapid field identification and differentiation of Anopheles mosquitos in LRS to increase understanding and control of this malaria vector, 77 and detection of other dangerous protozoans in drinking water. 
Integrating the modules
The current paradigm in NAATs, involves discrete steps for sample preparation, NA amplification, and amplicon detection -each with its own reagents, labware, and manual manipulation. As a result, the operator must be highly trained. Even when training is adequate, the laborious process creates potential for cross-contamination of reactions due to multiple re-entries into the reaction vessel. Integrating sample preparation with nucleic acid amplification and detection in a cost-effective, robust, LRS-appropriate and user-friendly format remains challenging. However, combining non-instrumented modules for sample handling, amplification, and detection in an easy to use disposable package can greatly simplify use in LRS. PATH is working to advance multiple technologies within these modules so that a simplified workflow such as that illustrated in Figure 9 may soon be possible.
A non-instrumented NAAT platform has the potential to shift clinical practice paradigms. We envision shifting accurate diagnosis of the disease from centralized laboratories and closer to the POC in LRS by creating a platform that eliminates the major barriers to achieving this. Currently, most POC assays for infectious disease diagnostics lack the accuracy and performance of NAATs. By creating an innovative NAAT platform that eliminates the need for instrumentation, electrical power, and sample extraction, diagnostic testing with gold-standard sensitivity and specificity will become practical at the POC. Future non-instrumented platforms will improve diagnosis of infectious diseases in LRS, enhance treatment of diseases, reduce the costs associated with inappropriate treatment, prevent the spread of drugresistant disease strains due to overuse of medicines, and diagnose additional patients in need of treatment. Figure 9 . The workflow of a conceptual instrument-free, electricity-free, whole-blood compatible, temperature stable, contamination-containing NAAT. 1. Initiate the NINA heater by installing a heater cartridge (a) into insulated housing, (b) add EPCM module, (c) and lid (d). 2. Set up for assay by opening single assay subkit. 3. Sample blood to calibrated line on collection capillary. 4. Transfer blood and blister contents to "S" tube and prefilled diluent to "NC" and "PC" tubes and mix all. 5. Amplify. Verify temperature ready indication on the NINA device through transparent view port in the lid, remove the lid, add the three tubes to the NINA heater, and replace lid. Incubate 45 minutes. Verify temperature is still in range through transparent view port (process control). 6. Quench to all three tubes by pushing cap to burst frangible seal and transfer ~10 µL diluted quencher to the amplified mixture. Mix. 7. Read each result immediately via naked eye (non-instrumented) or by illuminating at an excitation wavelength with an LED penlight (minimally instrumented). Note: In this conceptual NINA kit for HIV-1 detection, we envision 1 reusable NINA heater, 100 assays, 100 rechargeable CaO modules, and 1 LED keychain. Each single assay subkit contains the following: 3 reaction tubes individually marked S, NC, and PC, (each tube contains a lyophilized mastermix containing a reporter [FAM-labeled primer] and the other reagents required for LAMP and whole-blood lysis, and the tube marked PC also contains purified ACH2 genomic DNA at a concentration corresponding to a very high viral load); a prefilled precise blood collection, dilution, and transfer device; two prefilled 100 µL diluent dispensers marked NC and PC; and one finger-prick device.
Potential applications
